Conversion electron Mössbauer spectroscopy and structural X-ray diffractometry have been used to study nitrides formation in the surface layer of cast steels subjected previously to low-temperature nitriding. It has been found that creation of iron-nitrogen phases strongly depends on sample composition. Nitrides: γ'-Fe4N and ε-Fe2−3N arise in the course of the nitriding procedure in most investigated cast steels. Moreover, considerable changes in their microstructure and tribological properties occur. The depth profile of nitrides has been derived for selected cast steel.
Introduction
Chemical and thermal treatment is a common method for improving some mechanical and chemical properties of the host material. Between others, various techniques of nitriding are very useful for profitable modification of mechanical characteristics of steel [1] [2] [3] [4] . This is particularly important in case of cast steel, owing to possibility of inexpensive and precise production of metal details of machines and devices. In contrast to steel [4] [5] [6] [7] [8] [9] , there are not many papers devoted to tribological peculiarities of nitrided cast steel up to now [10] [11] [12] [13] . In present paper, an influence of nitriding on phase composition and tribological characteristics of the surface zone of highlyalloyed cast steels has been examined.
Experimental methods
A set of four highly-alloyed cast steels, denominated: I, . . . , IV, was the object of investigations. Real chemical composition of the materials is seen in Table I . The cast steels were subjected to a low-temperature nitriding procedure carried out in the Institute of Precision Mechanics in Warsaw. The processing included two stages: in the first one the cast steel was exposed to four hours long treatment in pure ammonia at 480
• C, while in the second one a mixture of ammonia (40%) and previously dissociated ammonia (60%) was applied at 530
• C during 16 hours.
Phase composition of the surface zone has been investigated by means of conversion electron Mössbauer * corresponding author; e-mail: k.brzozka@pr.radom.pl
TABLE I
Real concentration of alloying constituents (in weight %) in investigated cast steels. The small amount of phosphorus (< 0.03%) and sulphur (< 0.015%) was neglected. spectroscopy (CEMS) and X-ray diffractometry (XRD), both for as-cast materials and nitrided ones. Mössbauer measurements were performed using 57 Co(Rh) source of gamma radiation and a gas-flow CEMS detector supplied with He+4%CH 4 mixture. For selected cast steels, analysis of phase composition has been further performed in dependence on depth of the layer under the nitrided surface. CEMS spectra were recorded after sequential rub of several 0.001 ÷ 0.01 mm thick layers. In order to resolve Mössbauer spectra, program NORMOS was used. Structural measurements were carried out at room temperature, by means of powder X-ray diffractometer (Broker D8 Discover) using filtered Cr Kα radiation (λ = 0.228970 nm), in the angle range 20
• ≤ 2Θ ≤ 150
• . Microstructure of the cast steel surface (before and after nitriding) was examined by means of optical microscope. Abrasive wear resistance was investigated using test of friction in system: three rollers-cone, according to the PN-83/H-04302 Polish Standard. Moreover, tracks of wiping were analysed by use of reflecting electron microscope.
Phase composition

XRD results
X-ray diffraction studies of the as-cast samples show prevalence of α-Fe phase and less or more considerable content of γ-Fe one. XRD patterns of nitrided samples are presented in Fig. 1 , while a set of identified phases is collected in Table II . XRD outcomes show that, after nitriding, γ'-Fe 4 N is a predominant phase in sample III and it is also significant in sample II but does not exist in samples I and IV. However, a small amount of ε-nitrides has been found in sample I and, in much smaller extent, in samples IV and III. 
Surface CEMS investigations
Mössbauer spectra collected before and after nitriding are presented in Fig. 2 . They comprise several discrete components in form of Zeeman sextets and one or two paramagnetic patterns in form of some doublets or singlets. The sextets are attributed to ferrite (α-Fe solid solution -1 ÷ 3 sextets) as well as iron nitrides. Besides, much smeared component is present which originates from martensite. It is reproduced by means of sextet with distributed magnetic hyperfine field. The paramagnetic components are identified as austenite (γ-Fe) and vestigial: nitride austenite, iron carbide or iron oxide.
Owing to complexity of the spectra, special attention has been paid to identification of individual phases, especially iron nitrides. In iron-nitride systems, well-known stable (at room temperature) phases: γ'-Fe 4 N, ε-Fe 3.2 N, ε-Fe 3−x N and ς-Fe 2 N have several components of similar hyperfine parameters. Therefore, in order to distinguish the phases credibly, fitting the spectra with some imposed restrictions was realized. The preliminary analysis showed that γ'-Fe 4 N dominates among phases comprising nitrogen in some nitrided samples. As the subspectrum of this phase consists of three sextets with specific Table III . The relative fraction of iron atoms contributed to individual phases was estimated on the base of the area of the spectral lines assuming similar f -factor of different subspectra. Significant changes in phase structure of investigated specimens have been found as an effect of nitriding procedure. While components characteristic of ferrite, martensite, and (in much smaller extent) austenite dominate in spectra of the as-cast samples, a significant contribution of patterns attributed to iron nitrides are mainly observed for most cast steels after nitriding. The phase γ'-Fe 4 N dominates in nitrided samples II and III -it amounts above 70%. On the contrary, this phase is absent in nitrided samples I and IV, but small amount ε-Fe 3−x N is stated instead. Substantial increase of relative ferrite percentage and reduction of martensite content is also observed in all cast steels after nitriding.
The outcomes prove that applied nitriding procedure was not very efficient in cases of samples characterized themselves by maximal content of chromium and, simultaneously, with relatively high carbon concentration, which probably prevents formation of iron nitrides. In other samples, γ'-Fe 4 N predominates in the surface layer, especially in sample III that comprises the smallest percentage of chromium. A small amount of phases ε is also present, which is probably the effect of oxidation of the perovskite γ'-Fe 4 N phase towards the hexagonal one [14] .
The results are qualitatively consistent with the findings of XRD investigations. Although, because of complexity of CEMS spectra, the components originating from ε-nitrides have been not well resolved but the global content of these phases is in good accordance with structural examinations. It is worth noticing that CEMS allows distinction between ferrite and martensite and we can observe transformations of these phases.
Depth profile of nitric phases
In CEMS method, conversion electrons and Auger electrons are detected, that are emitted as a result of deexcitation of Mössbauer nuclei (in our case 57 Fe) through the conversion effect. The thickness of layer, which the electrons come from, equals about 150 nm (65% electrons originate from 60 nm, 96% -from 300 nm [15] ), therefore CEMS yields information about very thin zone at the investigated surface. This allows use of CEMS in order to investigate depth profile of selected feature of a specimen. In our work, examination of iron nitrides percentage as a function of depth under the nitrided surface has been performed for sample III, which appeared the most susceptible for nitriding. Fig. 3 . CEMS spectra of sample III (see Table I ) for different depth D of investigated layer under the nitrided surface. Fig. 4 . Depth profile of iron-nitrogon phases derived from CEMS for sample III (see Table I ).
CEMS spectra collected after abrasion (by hand) of the thin layer of definite thickness are presented in Fig. 3 ; the total depth D under the initially nitrided surface is also indicated. The spectra show decreasing percentage of γ'-Fe 4 N phase as well as rising content of martensite and ferrite. A depth profile of iron nitrides is shown in Fig. 4 . As seen, in the surface 8 µm thick zone the percentage of nitrides decreases slowly while for deeper layers it is reduced much faster. The effective thickness of the layer of iron-nitrogen phases in investigated sample equals about 12 µm. It should be noticed that the spectrum collected for D = 17 µm is quite similar as the spectrum obtained for the as cast sample. This means that for that composition the structural changes proceeding in the course of nitriding are limited to the surface zone of such a thickness.
Microstructure and mechanical properties
The influence of nitriding on tribological properties of the cast steels has been examined by carrying out the test of friction in system: three rollers-cone. The results are presented in Fig. 5 . Although it has been found that all investigated samples show enlarged abrasive wear resistance after nitriding, the value of this effect is different. The minimal reduction of depth of wiping (close to zero) is observed for sample I, the maximal for samples III and IV. In sample I the improvement of tribological properties is very small, but the abrasive wear resistance is good both before and after nitriding. Time evolution of wear suggests that the effect of betterment is quite durable. Tracks of wiping recorded by means of reflecting electron microscope are shown in Fig. 6 . Their analysis proves that the process of attrition of as cast steels of low hardness causes, besides of fine defects, also plastic deformation. In all samples the nitriding procedure induces comminution and unification of surface layer structure, independently on chemical composition of the cast steel. This conclusion is confirmed by results of microstructure investigations performed with optical microscope.
Summary
Evolution of phase composition and tribological properties of the surface zone of highly-alloyed cast steels subjected to low-temperature nitriding was examined. CEMS and XRD outcomes proved that iron nitrides were formed in all cases apart from the sample comprising maximal amount of chromium. High concentration of chromium together with relatively large content of carbon caused formation of ε-nitrides (Sample I). In other cast steels, γ'-Fe 4 N predominated in the surface layer. The effective width of zone comprising iron-nitrogen phases equals about 12 µm. The substantial reduction of martensite due to nitriding was also stated. The results of tribological as well microscopic measurements evidenced enlarged abrasive wear resistance of the specimens submitted to the nitriding, which is a consequence both of formation of iron nitrides and improvement of microstructural characteristics.
